ABSTRACT. Pimelodus (Pimelodidae) is a genus comprising a group of South American species with complex taxonomic relationships. Cytogenetics, polymerase chain reaction restriction fragment length polymorphism (PCR-RFLP), and sequencing data of mitochondrial genes were analyzed to characterize 4 Pimelodus species: P. fur, P. heraldoi, P. maculatus, and Pimelodus sp. All populations presented 2n = 56 chromosomes and distinct karyotypic formulae. The heterochromatin distribution pattern and the number and location of 5S and 18S rDNA sites are discussed. The application of PCR-RFLP markers and sequencing of mitochondrial DNA genes provided species-specific haplotypes, which allowed us to differentiate the species studied. The mitochondrial gene sequences presented nucleotide mutations in the restriction sites and throughout the sequences, and they were mostly related to synonymous substitutions in the coded proteins; however, they did not affect the protein and its function. Comparing the data obtained using these 3 methodologies, the existence of a species complex in P. maculatus along the basins studied might be inferred, showing that cytogenetics is an important tool in studies focusing on the conservation or management of both natural and captive populations of these fishes.
INTRODUCTION
The family Pimelodidae is one of the largest families in Neotropical areas, comprising 83 valid species distributed into 50 genera, such as the genus Pimelodus, whose species are popularly known as "mandis" in Brazil. This genus is apparently paraphyletic, being restricted to South America and characterized by a complex taxonomy (Lundberg and Littmann, 2003) . Among pimelodids, Pimelodus is the most genetically studied genus (Renesto et al., 2000; . Because several populations present quite similar morphological traits but distinctive genetic features, some species are commonly known as species complexes, like P. maculatus (Almeida et al., 2003) and P. albicans (Vergara et al., 2008) .
Typically, cytogenetic studies in Siluriformes have focused on the description and characterization of the karyotypic variability within the group, while molecular analyses usually have been applied to elucidate the intricate phylogenetic interrelationships among their families. Only a few studies have attempted to define the evolutionary relationships among species of a single genus (Vergara et al., 2008) . Cytogenetics and molecular genetics proved to be efficient in the characterization and differentiation of several species in fish studies. It was shown that the application of one of these approaches may help the other or, at least, it points out issues to be addressed when possible divergences are found (Almeida-Toledo et al., 2002) .
In Brazil, most reports focusing on fish conservation genetics, either for the formation of genetic pools in aquaculture or for repopulation, are based on molecular techniques such as analyses of fragment length polymorphisms (RFLP) and amplification of nuclear DNA sequences flanked by microsatellites (SPAR). On the other hand, cytogenetic analyses have been overlooked because they are commonly regarded as time-consuming, dependent on a high number of methodologies, and specimens must be sacrificed (Toledo-Filho et al., 1999) .
In this study, we attempted to analyze species of the genus Pimelodus from the main rivers from the Upper Paraná and São Francisco Basins by combining cytogenetic and molecular techniques to genetically characterize these populations. We also aimed to uncover evidence to confirm or refute the existence of a species complex in P. maculatus and to provide support for the potential of the selected markers in the identification of genetic groups in conservation programs.
Direct sequencing, PCR-RFLP, and cytogenetics of Pimelodus zilian municipalities were analyzed: Angatuba, SP, Brazil (2♀, 3♂, 3 juveniles-Paranapanema Basin), Guapiara, SP, Brazil (8♀, 4♂, 4 juveniles-Paranapanema Basin), Itapetininga, SP, Brazil (2 juveniles-Tietê Basin), Três Lagoas Reservoir, Três Lagoas, MS, Brazil (3♀, 2♂, 4 juveniles-Paraná Basin), Terra Roxa, SP, Brazil (6♀, 2♂-Pardo Basin), and Três Marias, MG, Brazil (10♀, 6♂-São Francisco Basin). Individuals from a single population of P. fur-Três Marias, MG (10♀, 3♂-São Francisco Basin), P. heraldoi-Pirassununga, SP (6♀, 5♂-Mogi-Guaçu Basin), and Pimelodus sp-Três Marias, MG (15♀, 10♂-São Francisco Basin) were also analyzed. All collected specimens were identified at the Museum of Zoology from Universidade de São Paulo.
Cytogenetic analyses
All individuals of P. maculatus from Angatuba, Guapiara, Três Lagoas, and Terra Roxa, and the specimens of P. heraldoi from Pirassununga were used in the cytogenetic analyses. The individuals of P. fur, P. maculatus, and Pimelodus sp. that were collected in Três Marias were previously cytogenetically studied by Moreira-Filho (2005, 2008) . The 2 individuals of P. maculatus from Itapetininga were not included in the cytogenetic studies.
Mitotic chromosomes were obtained from kidney cells following the technique by Gold et al. (1990) adapted for fish studies. Chromosomal morphology was determined according to the arm ratio as proposed by Levan et al. (1964) . The fundamental number (FN) was calculated taking into account that metacentric (m), submetacentric (sm), and subtelocentric (st) chromosomes are bi-armed while acrocentric (a) chromosomes are one-armed.
Active nucleolar organizer regions (NORs) were characterized according to Howell and Black (1980) . The procedure for chromosomal staining with GC-specific fluorochromes (chromomycin A 3 , CMA 3 ) was performed according to Schmid (1980) with slight modifications. The identification of constitutive heterochromatin blocks followed the technique by Sumner (1972) . Fluorescent in situ hybridization (FISH) was carried out according to Pinkel et al. (1986) using probes of 18S rDNA (Hatanaka and Galetti, 2004) and 5S rDNA (Martins and Galetti Jr, 1999) .
Molecular analyses
Total DNA was isolated from small portions of liver tissue from each specimen following the protocol of saline extraction reported by Aljanabi and Martinez (1997) . The region encompassing the mitochondrial DNA (mtDNA) ATPase 6 and 8 genes was amplified by polymerase chain reaction (PCR) using the primers L8331 (5ꞌ-AAAGCRTYRGCCTTTTAAGC-3ꞌ) and H9236 (5ꞌ-GTTAGTGGTCAKGGGCTTGGRTC-3ꞌ) (Perdices et al., 2002) .
Each PCR comprised a final volume of 25 µL [1 µL template DNA (200 ng/µL), 1 µL each primer (10 pM), 1.5 µL MgCl 2 (25 mM), 2.5 µL buffer (10X), 2.5 µL dNTP (10 mM), 0.25 µL (5 U) Taq polymerase (Fermentas), and 15.25 µL distilled water]. The PCR conditions were: 94°C (3 min); 40 cycles at 94°C (1 min), 58ºC (1 min), and 72°C (1 min); a final extension at 72°C (10 min); and a cooling period at 4°C.
To confirm the amplification and the quality of PCR products, they were run on 1% agarose gels stained with ethidium bromide and visualized under ultraviolet light. The gels were photographed and digitalized using the Kodak EDAS software (Electrophoresis Documentation and Analysis System).
PCR-RFLP
For PCR-RFLP analyses, we selected the same genes that were used in the phylogenetic analyses to compare the efficiency of both techniques in the identification of differences among the individuals of a single population and the relationships among species, where all collected individuals were included. The reactions of enzymatic digestion comprised a final volume of 10 µL (3 µL PCR product, 1 µL buffer, 0.25 µL enzyme, and 5.75 µL distilled water), using the following restriction enzymes: AluI, DdeI, HaeIII, HindIII, HinfI, HpaII, MboI, and RsaI. The digested products were separated by electrophoresis on 2% agarose gels, stained with ethidium bromide, and photographed. Each digestion pattern that was obtained from each enzyme was named by a capital letter in the order of appearance, so each haplotype was named by a letter code that was based on each restriction enzyme separately.
Based on the digestion patterns that were obtained, restriction maps were built for each haplotype, and a matrix of presence/absence of restriction sites was generated. The values of nucleotide diversity and divergence were calculated using this matrix. Nucleotide diversity values among samples were also estimated according to Nei and Tajima (1981) using the REAP software (Restriction Enzyme Analysis Package) (McElroy et al., 1992) .
Based on these data, an unweighted pair group method with arithmetic mean (UP-GMA) dendrogram was built using the MEGA 4.0 software (Tamura et al., 2007) to determine the relationship between species and populations.
Sequencing
Between 4 and 6 individuals per collection site were used, whenever possible, for the amplification of mitochondrial genes. In order to polarize the data, 1 specimen of Phractocephalus hemioliopterus, also belonging to family Pimelodidae, and 1 individual Rhamdia quelen, from the family Heptapteridae (sister-group of Pimelodidae), were used as outgroups.
After amplification of selected genes, the PCR products were purified (ChargeSwitch PCR Clean-up kit, Invitrogen, USA) and sequenced using the BigDye TM Sequence Terminator kit, v.3.1 (Applied Biosystems, USA) according to manufacturer instructions. Both light and heavy chains of mtDNA were sequenced in an ABI PRISM 3100 Genetic Analyzer sequencer (Applied Biosystems).
The sequences were then visualized and edited using the Geneious 4.0 software (Drummond et al., 2008) . They were checked in the GenBank database (http://www.ncbi.nlm. nih.gov) using BlastN, to verify their similarities to mtDNA sequences from other fish species. Afterwards, the sequences were aligned using the ClustalW algorithm (Thompson et al., 1994) applying penalties for both pairwise and multiple alignments, gap opening (10), and extension (0.2), and the alignment was verified by observing the sequence reading frames; both procedures were performed using the Geneious 4.0 software (Drummond et al., 2008) . The phylogenetic analyses using neighbor-joining (NJ) and Tamura-Nei (Tamura and Nei, 1993) methods, as well as the estimation of genetic divergence among samples, were performed using MEGA4.0 (Tamura et al., 2007) . Maximum parsimony analysis (MP) was carried out using the PAUP 4.0 software (Swofford, 2002) using the heuristic search (stepwise addition) with 3-bisection-reconnection (TBR) branch swapping and with all characters non-ordered and of equal weight. Gaps were regarded as missing data. Bootstrap (BT) values (Felsenstein, 1985) were calculated using 1000 replicates, and only those higher than 50% were retained.
In order to determine if the differences in the values of genetic divergence in both PCR-RFLP data and sequencing are significant, we calculated the non-parametric Spearman's correlation coefficient (Myers and Well, 2003) , which evaluates an arbitrary monotonic function that describes the relationship between 2 variables, where values close or equal to 1 indicate a strong correlation.
RESULTS

Cytogenetic analyses
The populations analyzed of P. maculatus presented 2n = 56 chromosomes. However, they could be differentiated by their chromosomal structure. Each population presented a unique karyotype formula as follows: Angatuba, 24m + 22sm + 8st + 2a ( The silver nitrate staining revealed a single NOR system in all populations that was located at the terminal region of long arms of a single subtelocentric chromosomal pair that was equivalent to pairs 21, 24, 25, and 26 in the populations from Angatuba, Guapiara, Três Lagoas, and Terra Roxa, respectively, and pair 25 in the population of P. heraldoi (Figure 1  boxes) . In some specimens, differences in NOR size were observed between homologous chromosomes (data not shown), and associations between NOR-bearing pairs were frequently noticed as well. A single pair bearing fluorescent signals, equivalent to NORs, was detected in all individuals analyzed after CMA 3 staining. In P. heraldoi, positive fluorescent signals were also observed over heterochromatic segments, showing a GC-rich composition of such heterochromatin (Figure 2a The C-banding revealed small amounts of constitutive heterochromatin, mainly distributed over pericentromeric region. The pattern of heterochromatin location allowed us to differentiate the studied populations and demonstrated that NORs are also heterochromatic. Furthermore, a pair of submetacentric chromosomes bearing C-bands on short arms and at the terminal region of long arms was detected in P. heraldoi and was also CMA 3 + (Figure 2f-j) . FISH using 18S rDNA showed fluorescent signals coincident to NORs (Figure 3a-e) . The 5S rDNA sites, as revealed by FISH, were located at the terminal region of long arms of 2 subtelocentric chromosomes, similar to the NOR-bearing pair for all populations of P. maculatus (Figure 3f-i) . Nonetheless, the synteny between both rDNA types was rejected by sequential FISH and silver nitrate staining (data not shown). Apparently, the 5S rDNA-bearing pair was the same in all of the analyzed populations. On the other hand, although characterized by a single pair bearing 5S rDNA cistrons, these ribosomal sites were located at the pericentromeric region of long arms of submetacentric chromosomes in P. heraldoi (Figure 3j ). 
PCR-RFLP analysis of mtDNA
The analysis of 108 specimens showed that the size of the amplified ATPase 6 and 8 gene fragments from mtDNA was about 950 bp. Two of the 8 tested restriction enzymes (DdeI and MboI) did not have restriction sites within the selected mtDNA region and were excluded from the haplotype characterization.
The digestion pattern and the approximate sizes of the restriction fragments are represented in Figure 4 . Based on the patterns, 5 haplotypes were identified (provided by the following enzyme sequence: AluI, HaeIII, HindIII, HinfI, HpaI, and RsaI) . All populations/ species were monomorphic for their respective haplotype (the relative haplotype frequency within a sample equals 100%). All populations of P. maculatus from the Upper Paraná Basin (Angatuba, Guapiara, Itapetininga, Terra Roxa, and Três Lagoas) shared a common conjugated haplotype, BABBBC, which was more related to the haplotype that was found in P. maculatus from the São Francisco River (AAABBC). P. fur, P. heraldoi, and Pimelodus sp presented the haplotypes CBBDBA, CBBABD, and CCBAAB, respectively. The values of nucleotide divergence among the samples studied are listed in Table  1 . Using on these values, we built an UPGMA dendrogram, which is shown in Figure 5 . It is noticeable that all populations of P. maculatus are more related to each other than to the other species. Moreover, all populations from the Upper Paraná Basin might be regarded as a single evolutionary unit, inasmuch as these individuals could not be separated based on PCR-RFLP of the selected gene. P. fur and P. heraldoi presented significant divergences that were typical of distinct species, although they proved to be related to each other. On the other hand, Pimelodus sp presented the highest divergence values and was placed at the base of the dendrogram.
Sequencing analysis of mtDNA
In spite of the amplified fragment from the ATPase 6 and 8 genes being nearly 950 bp, only 850 bp of this fragment was effectively sequenced. After editing the sequences obtained, we observed a single standard haplotype per sampled species/population. Once all individuals within a population shared the same haplotype, we chose to remove the population for the final phylogenetic reconstruction; therefore, a single individual represented each population/species. We observed that the estimated size of restriction fragments via PCR-RFLP was very similar or identical to the actual restriction fragment sizes within the sequences analyzed. However, some restriction sites were not detected in some sequences because of the smaller size of the sequences relative to the total amplified fragment length. The differences in the position of recognizable sites by the tested enzymes were related to events of base substitution that resulted in synonymous mutations in the amino acid sequence. Differences throughout the remaining nucleotides in the gene are caused by nucleotide substitutions and allowed a more refined estimation of the evolutionary relationships in the groups studied (data not shown).
The same interrelationships that were observed in the dendrogram that was based on PCR-RFLP were recovered by the NJ and MP analysis with branches that were supported by high BT values and significant genetic divergences (Table 1) . Based on this data, the NJ tree was chosen to be presented. It is noteworthy that the populations of P. maculatus were grouped in the same clade. No clear distinction among individuals from the Upper Paraná Basin was detected. The BT value of 55% that supports the clade that grouped most of the P. maculatus populations is considered weak; based on this, these individuals can be regarded as part of the same evolutionary unit. It is also noticeable that the samples of P. maculatus from the Upper Paraná Basin were related to P. maculatus from the São Francisco River, and P. fur appeared to be related to P. heraldoi. Once more, Pimelodus sp was placed as a basal group amongst Pimelodus species (Figure 6 ). The Spearman's correlation coefficient that was estimated for the nucleotide divergence values is 0.9989 (Table 1) , indicating a high positive correlation between both variables. This result demonstrates that the divergence values that were obtained in both methods and used in the evolutionary reconstructions are significantly similar, revealing that both methods can be used for species identification.
DISCUSSION
Cytogenetic data
The available cytogenetic data so far show that the diploid number within the genus Pimelodus ranges from 2n = 54 chromosomes (Garcia and Moreira-Filho, 2005 ) to 2n = 58 (DellaRosa et al., 1980) , and most populations present 2n = 56 chromosomes. There is great karyotypic variability in this group , including cases of supernumerary chromosomes (Borin and Martins-Santos, 2004 ) and structural polymorphisms (Mazzuchelli et al., 2007) .
From a cytogenetic viewpoint, P. maculatus is the most widely studied species within the family Pimelodidae. Research that was carried out in several hydrographic basins indicated that the populations of P. maculatus might differ in relation to their karyotype structure in spite of presenting some similarities, such as the maintenance of the diploid number, the prevalence of m/sm chromosomes, the number and location of GC-rich NORs, and reduced heterochromatin content . Treco et al. (2008) proposed the occurrence of 3 karyotypic classes (clustering metaand submetacentric chromosomes and subtelocentric and acrocentric ones), which would comprise the whole chromosomal variation observed in P. maculatus. Under this criterion, the 3 classes would be represented by the following karyotype formulae: 1) 40m/sm + 16st/a, 2) 44m/sm + 12st/a, and 3) 38m/sm +18st/a. These authors also suggested that the class with 40m/sm + 16st/a would be predominant in the Upper Paraná Basin, indicating a higher karyotype conservativeness within populations from this hydrographic system and the role of inversions and/or translocations.
Although belonging to the Upper Paraná Basin, the populations that were analyzed in this study fit or resemble the second karyotypic class that was proposed by Treco et al. (2008) . These chromosomal differences are thought to be subtle, and they might be a consequence of differential condensation patterns in the chromosomal preparations as well. Therefore, despite the karyotypic differences in the studied populations of P. maculatus, they are not quite divergent and can be related to the fixation of distinct chromosomal rearrangements though the evolutionary pathways of each population. Such small differences in the chromosomal constitution of P. maculatus might neither alter gene groups nor present position effects, inasmuch as the external morphology would remain unchanged. Based on this feature and on chromosomal differences, several authors have speculated that distinct fish species would compose species complexes. This accounts for the fact that some widely distributed species lacking any phenotypic divergence might be under a remarkably stable selection or undergoing some kind of developmental canalization over the expression of morphological traits (Martin and Bermingham, 2000) .
The representatives of the 4 populations of P. maculatus and P. heraldoi that were cytogenetically analyzed in this study presented 2n = 56 chromosomes, characterizing a recurrent result for samples of this species. This chromosomal number is called the ancestor diploid value for Siluriformes by some authors (Oliveira and Gosztonyi, 2000) , and it is often reported in the family Pimelodidae . The differences in the chromosomal structure that are reported in the populations analyzed are likely a result of non-Robertsonian rearrangements, which have been considered to be the main mechanism of variation within this family (Garcia and Moreira-Filho, 2005) .
In general, Siluriformes species have small amounts of heterochromatin that are mainly located at pericentromeric or terminal positions. In this study, a few differences in the heterochromatin location were observed in the populations analyzed, which showed heterochromatic blocks preferentially at pericentromeric region and on NORs. This pattern is similar to that observed for the genus Pimelodus (Souza et al., 2004) .
The occurrence of a single NOR-bearing pair and location of NORs at the terminal position on long arms of st chromosomes match the pattern that was already reported for P. maculatus . Based on the available cytogenetic reports, terminal NORs on long arms of sm/st chromosomes can be considered a plesiomorphic feature for Pimelodus, whereas the NORs located on the short arms in P. argenteus and P. mysteriosus (Souza et al., 2004) represent apomorphies. In this study, FISH analysis with an 18S rDNA probe confirmed the occurrence of a single NOR system and its location; a similar situation was observed by Souza et al. (2004) .
The association between NORs and GC-specific fluorochromes has been widely reported in many fish groups (Garcia et al., 2003) . Most reports show that CMA 3 or mitramycin staining yields fluorescent signals that are equivalent to NORs. However, heterochromatic regions can be occasionally marked by these fluorochromes (Garcia and Moreira-Filho, 2005) . The populations analyzed in this study presented GC-rich NORs, following a pattern that was previously reported in other Pimelodus species Souza et al., 2004) . Differences related to the composition of heterochromatin blocks, which were already observed in other species of this genus (Garcia and Moreira-Filho, 2005) , could be observed by CMA 3 staining, demonstrating that the heterochromatin nature is variable within this group.
As for the 5S ribosomal genes, little is known about their chromosomal location in Neotropical fishes. Nonetheless, the localization of 5S rDNA sites has been proven to represent an important marker in fish studies (Martins and Galetti Jr, 1999) .
Amongst Siluriformes, there are few reports addressing the location of 5S rRNA genes (Hypostomus and Upsilodus, Kavalco et al., 2004) inasmuch as the discussion about the location and number of such genes in this fish group remains incipient.
The number and the localization of minor ribosomal genes were conserved in the 4 populations that were analyzed, and a putative synteny with 18S rRNA genes was rejected. In P. heraldoi, the position of 5S RNA genes was differentiated, albeit the number of sites remained the same. A nonsyntenic localization of these genes in relation to 45S rDNA is the most reported condition, and it has been regarded as an ancestor trait of gene organization in fish (Martínez et al., 1996) .
Most Neotropical species in which the 5S rDNA location was analyzed have 2 chromosomal pairs bearing 5S rRNA genes (Almeida-Toledo et al., 2002) . On the other hand, the data available for the genus Pimelodus indicate that the number of chromosomes bearing such genes is variable, ranging from 4 (P. fur) to 6 (P. maculatus and Pimelodus sp) (Garcia and Moreira-Filho, 2008) . It should be pointed out that the populations/species from the Upper Paraná Basin differ from Pimelodus collected in the São Francisco River, mainly because of their lower number of 5S rDNA sites.
The location of 5S ribosomal genes in the population of P. maculatus from the São Francisco River (MG-Brazil) reported by Garcia and Moreira-Filho (2008) differed from the pattern in the population of Pimelodus sp. from the same locality where they were located at the terminal position on long arms of an sm chromosomal pair in the latter, which was attributed to a putative paracentric inversion by the authors. Although the 4 populations of P. maculatus that were analyzed in this study had a single 5S rDNA-bearing pair, they share a common terminal location with a chromosomal pair in the population from the São Francisco River. This fact suggests that this chromosomal pair might be a species-specific marker; hence, the interpretation that the terminal location could be derived from a paracentric inversion in the São Francisco population is refuted. On the other hand, P. fur, P. heraldoi, and Pimelodus sp seem to share a common distribution pattern of ribosomal sites in chromosomes with very similar size and structure.
In relation to the terminal location of 5S rRNA genes detected in this study, Martins and Galetti Jr. (1999) suggested that a preferable interstitial location would act as a protec-Direct sequencing, PCR-RFLP, and cytogenetics of Pimelodus tive strategy, avoiding transposition and exchanges within these sequences, which would be related to the high degree of conservativeness of this ribosomal gene. Instead, the Siluriformes species that were analyzed so far show the trend of a terminal 5S rDNA location, particularly in those species with high chromosomal numbers (Garcia and Moreira-Filho, 2008) . However, this tendency will eventually be confirmed or refuted as the number of studies using such markers in this fish group increases.
Molecular data
There are few genetic-molecular studies in Siluriformes. This is particularly true for species from Neotropical regions. The majority of molecular studies available for the genus Pimelodus use isozymes (Renesto et al., 2000) and random amplification of polymorphic DNA (RAPD) markers (Almeida et al., 2003) to differentiate distinct species within this genus. Only recently, P. albicans was the focus of studies involving the sequencing of mitochondrial genes, which revealed a remarkable haplotype diversity among the samples analyzed and confirmed the occurrence of a species complex (Vergara et al., 2008) .
Despite the evident cytogenetic differentiation among the populations that were studied, molecular studies have shown a low divergence between P. maculatus populations, as reported by Almeida et al. (2003) who used RAPD markers. In that study, a single and large homogeneous population of this species was detected throughout the Tietê River, while some structuring was observed along the Paranapanema River, probably because of the presence of waterfalls throughout this river.
Restriction profiles of mtDNA have been widely used in studies of population structure, biogeography, and species characterization. Among Siluriformes, the application of such methodology has proven to be useful to distinguish species and their hybrid forms and to identify potential markers for conservation and management programs. These studies involved species of the genus Clarias (Mohindra et al., 2007) , whose distinct species were easily discriminated, and each population presented some specific haplotypes that were helpful in their identification.
In this study, PCR-RFLP markers provided a clear separation between the studied species, and the digestion patterns yielded species-specific mtDNA profiles. All specimens of P. maculatus from Upper Paraná, even those belonging to distinct populations, had the same restriction pattern, demonstrating that they share a remarkable degree of genetic similarity that is undifferentiated at this marker.
Although the PCR-RFLP technique has some limitations for identifying species because it can detect only mutations that affect the enzyme restriction sites both the PCR-RFLP and sequencing methodologies indicated the same interrelationship pattern, and they were equally effective in differentiating the groups studied. Based on the sequencing of mitochondrial genes, our observation was that both nucleotide mutations in the restriction sites and those throughout the sequences are mostly related to synonymous substitutions in the coded proteins, which do not affect the protein and its function directly.
Although the populations of P. maculatus from the Upper Paraná and São Francisco River could not be separated by morphological data in our study, the PCR-RFLP and sequencing data demonstrated that they compose genetically distinct but related groups, which was supported by high BT values. The P. maculatus population from the Paranapanema River was differentiated from the other populations from the Upper Parana Basin in the NJ and MP analysis, but it had weak BT support (55%). This fact can be explained by the location of this individual because other molecular studies indicated that the presence of waterfalls in the Paranapanema River may lead to genetic differentiation among fish species (Almeida et al., 2003) . P. fur and P. heraldoi were also related to each other. This relationship is also observed in their morphology because of the similar pattern of irregular spots on the body of both species. These data show that in spite of the karyotypic similarities that were reported by Garcia and Moreira-Filho (2005) , the species of Pimelodus from the São Francisco River are more related to other representatives within the genus than each other, which disagrees with their previous assumptions. Possibly, the chromosomal resemblance among these species could be related to environmental pressures in the São Francisco River, resulting in similar evolutionary forces during the karyoevolutionary pathway of these fish in the region.
Application of sequencing, chromosomal, and PCR-RFLP markers in fish conservation
RFLP markers are widely used in Brazilian fish culture, including programs of genetic conservation for repopulation and the formation of genetic banks. This technique is preferred to sequencing because it allows the analysis of a large number of individuals simultaneously at significantly lower costs. In contrast, cytogenetic techniques have been neglected for a long time in such analyses, mainly because of limitations of population studies related to the time spent on preparations and banding procedures (Toledo-Filho et al., 1999) .
The correlation coefficient between the obtained PCR-RFLP divergence values and sequence direct analysis were very similar, and the slight differences were not significant: the three topologies based on both values were identical. In spite of the PCR-RFLP limitations in detecting all variation within an amplified gene fragment, this method can be comparable to sequencing mtDNA data and equally effective in identifying Pimelodus species, thus confirming its potential as a useful marker in management programs. Furthermore, because it is cost-saving in relation to gene sequencing, this technique serves a practical application for this purpose.
Although it allowed us to differentiate species, both PCR-RFLP and gene sequencing were unable to discriminate populations of P. maculatus from the Upper Paraná Basin. Based on these methodologies, these samples should be regarded as a single evolutionary unit; therefore, individuals from these populations could be used to form genetic pools. Nonetheless, each population presents distinctive chromosomal features that were mainly related to karyotype macrostructure. These differences could act as reproductive barriers because hybrids from the different cytotypes were not found. The probable gene and meiotic unbalance in these crosses could lead to total failure in breeding projects aiming to form genetic banks.
The presence of distinct chromosomal formulae among populations does not imply the existence of a species complex in P. maculatus (as indicated by their high genetic similarity); rather, it suggests the occurrence of different cytotypes in the group because other cytogenetic features, such as NORs and the location and number of 5S rDNA sites were conserved. It should be pointed out that the sample size in one of the populations studied (Itapetininga) was small (different haplotypes might not have been sampled) and neither cytogenetic study was performed. However, the deconstruction of a species complex in P. maculatus should not be extended to other hydrographic basins because their populations have not been genetically analyzed.
The data from this study confirm the potential of PCR-RFLP markers in the identifica-Direct sequencing, PCR-RFLP, and cytogenetics of Pimelodus tion of fish species, and they point out the relevance of a multi-approach analysis including cytogenetic techniques in groups that are characterized by great chromosomal variability to determine the genetic stocks for both management and fish culture programs.
